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a b s t r a c t
The control of molecular architecture provided by the Langmuir–Blodgett (LB) method allows one to
obtain enhanced luminescence properties in polymer ﬁlms, which can be exploited in polymer light
emitting diodes (PLEDs). In this study, we show that incorporating a liquid crystal (LC) (PCH302/304)
into poly-(2-methoxy-5-hexyloxy-p-phenylene-vinylene) (OC1OC6-PPV) in LB ﬁlms leads to a 4-fold
increase in photoluminescence and 2-fold increase in electroluminescence for (ITO/OC1OC6-PPV(LC5%)/
Al) devices for emission at 585nm, with the current vs. voltage (I vs. V) characteristics exhibiting a
typical behavior of rectifying diode. The enhanced luminescence was attributed to an efﬁcient
separation of emitting OC1OC6-PPV units induced by the LC in the LB ﬁlm, which were less ordered than
LB ﬁlms from neat OC1OC6-PPV.
& 2009 Elsevier B.V. All rights reserved.
1. Introduction
A key factor for obtaining efﬁcient organic devices is the ability
to control the molecular architecture and ﬁnding synergy in
properties of distinct materials that are combined in the same
device, as is the case of heterojunctions in organic solar cells [1].
In electroluminescent devices, in particular, ﬁlm architecture
plays an important role [2] and advantage may be taken of ﬁlm-
forming methods allowing for molecular control of the ﬁnal
properties, such as the electrostatic layer-by-layer (LbL) [3] and
the Langmuir–Blodgett (LB) [3] techniques. In LB ﬁlms one major
challenge is to obtain sufﬁciently robust ﬁlms that withstand
application of the electric ﬁeld without short-circuiting, which
then allows for a low operation voltage owing to the ultra-thin
nature of the ﬁlms. Indeed, suitable LB ﬁlms from poly(p-
phenylene vinylene (PPV)) derivatives could be used in electro-
luminescent devices where charge injection was enhanced by
adding ionomer layers, with much superior performance than
devices made with cast ﬁlms [4]. An added advantage of LB ﬁlms
may be the possible emission of polarized light [5].
Further improvements in polymer electroluminescent devices
using LB ﬁlms may be envisaged through a ﬁne control of the
molecular architecture and combination with distinct materials.
An important issue in this regard is to control the radiative energy
transfer in these layered ﬁlms, similarly to what has been
achieved in LbL ﬁlms [6]. One needs to ﬁnd a balance between
increasing organization and avoiding a close molecular packing
that would favor non-radiative energy transfer in the LB ﬁlms. In
this study, we combine a PPV derivative, namely poly-(2-
methoxy-5-hexyloxy-p-phenylene-vinylene) (OC1OC6-PPV) and a
liquid crystal (LC), in a strategy similar to that of Carter et al. [7]
who obtained enhanced photoluminescence and electrolumines-
cence by adding a surfactant to MEH-PPV polymer ﬁlms.
Optoelectronic devices such as LEDs beneﬁt from high photo-
luminescence (PL) yield of their active layer, and several routes
have been tried to enhance PL [8,10]. While the initial motivation
was to improve order in the LB ﬁlms, we found out that the
incorporation of the LC actually induced disorder, but never-
theless enhanced the optical properties of the ﬁlms, probably
owing to an efﬁcient separation of emitting OC1OC6-PPV units. For
the sake of comparison, we also produced cast ﬁlms.
2. Experimental
Poly-(2-methoxy-5-hexyloxy-p-phenylene-vinylene) (OC1OC6-
PPV) was synthesized with a modiﬁed procedure to that patented
by Wudl et al. [9], and LC (PCH302/304) was purchased from
Merck. The cast and Langmuir ﬁlms were obtained by spreading a
solution prepared by mixing chloroform solutions of OC1OC6-PPV
(0.2mgmL1) and LC (1mgmL1), with relative concentrations of
10, 20 and 30wt% of LC in OC1OC6-PPV for cast ﬁlms, and for
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Langmuir ﬁlms. Cast ﬁlms were obtained as described elsewhere
[4]. Langmuir and LB ﬁlms were produced with a KSV5000
Langmuir trough housed in a class 10,000 clean room. Langmuir
ﬁlms were spread onto ultra pure water supplied by a Millipore
Milli-Q system (resistivity 18.2MO cm). All experiments were
conducted at room temperature (22 1C). Film compression was
carried out at a barrier speed of 10mmmin1. p-A isotherms were
conducted with a Wilhelmy plate provided by KSV. The molecular
weight of the polymer-repeating unit (232gmol1) was adopted
for all areas calculated. Y-Type LB ﬁlms of OC1OC6-PPV(LC 30%)
were transferred onto ITO (41 layers) and glass (31 layers) at a
surface pressure of 20mNm1 with a dipping speed of 3mm
min1 for the upstrokes and 3mmmin1 for the downstrokes, in
the dark at room temperature of 22 1C. The LB ﬁlms from neat
OC1OC6-PPV were prepared as described elsewhere [10].
The UV–Vis absorption and the emission spectra of the ﬁlms
were recorded in a Hitachi U-2001 spectrometer and Shimadzu
5301 PC spectroﬂuorimeter, respectively. Devices were fabricated
for an opto-electrical characterization of the ﬁlms. Cast and LB
ﬁlms from identical solutions and under identical conditions as
those to measure absorbance and PL were used as active layers of
the devices. The current vs. voltage (I vs. V) measurements were
carried out with a Keithley 238 unit and the active area of the
device was ca 0.12 cm2. The device was fabricated as follows: the
indium-tin-oxide (ITO) anode was covered by a cast or LB ﬁlm as
the active layer. The cathode was formed by vacuum evaporating
aluminum (Al) onto the organic ﬁlm (ITO/OC1OC6-PPV(LC)/Al).
For the sake of comparison, devices with neat OC1OC6-PPV ﬁlms
were also fabricated, as described elsewhere [5]. All measure-
ments were carried out at room temperature, under vacuum and
in the dark.
3. Results and discussion
For a systematic investigation of the mixed ﬁlms, we compare
in Fig. 1 the isotherms with the published curves for neat OC1OC6-
PPV monolayers [10]. The area per molecule at the condensed
phase, extrapolated to zero pressure from the high-pressure part
of the curve, is ca. 22 A˚2 for the neat OC1OC6-PPV monolayer. For
the mixtures, we note that LC affects the OC1OC6-PPV monolayer
already in an expanded phase, as LC molecules are incorporated
into the monolayer. The isotherms display two plateaus, the ﬁrst
of which occurs with LC incorporation, while the second is
probably due to expulsion of the LC molecules. Indeed, the
extrapolated area per molecule for LC10% is much smaller than for
pure OC1OC6-PPV, which is consistent with a smaller number of
molecules at the interface. Though for the other two mixtures we
cannot determine an extrapolated area, it is likely to be small as
well. Since we cannot be sure whether the mixed monolayers
were compressed to a condensed state compression was stopped
before that it is difﬁcult to determine the collapse pressure. It is
clear, nevertheless, that the mixed ﬁlms are likely to be less stable.
The transfer of LC along with OC1OC6-PPV in the LB ﬁlms was
conﬁrmed with FTIR spectroscopy. The spectra of neat OC1OC6-
PPV and mixed OC1OC6-PPV(LC) (30%) in both cast and LB ﬁlms
are similar to each other (results not shown), with the exception
of a band at 825 cm1 assigned to vinylic C–H in LC. However, the
band is relatively less intense than in cast ﬁlms, which may be
attributed to an incomplete transfer of the LC along with OC1OC6-
PPV. Indeed, by comparing FTIR data for cast and LB ﬁlms, we
estimated that for a mixture containing 30% of LC only 5% of the
LC are transferred. The incomplete transfer should be expected
from the surface pressure isotherms that indicated that some LC
molecules may not remain at the interface at high pressures.
Fig. 2 shows the UV–Vis spectra for neat OC1OC6-PPV and
OC1OC6-PPV (LC) mixtures, featuring lmax at 500 and 470nm for
cast and LB ﬁlms, respectively, which are related to transitions
between delocalized p–p* states. There is practically no effect
from adding the LC, and the red shift in absorbance for the cast
ﬁlms is probably to a larger degree of aggregation in comparison
with the LB ﬁlms. In subsidiary experiments, we observed in the
polarized absorption spectra that OC1OC6-PPV (LC 30%) LB ﬁlms
are anisotropic, with polymer chains oriented preferentially along
the dipping direction, analogously to the results for LB ﬁlms from
neat OC1OC6-PPV [5].
Fig. 3 shows the PL spectra of neat OC1OC6-PPV and OC1OC6-
PPV (LC) of cast and LB ﬁlms. The PL spectrum of neat OC1OC6-PPV
cast ﬁlm displays a zero-phonon peak (I0) at 591nm and one
electron-vibrational coupling mode (phonon replica—I1) at
645nm (Fig. 3a). For the OC1OC6-PPV (LC) cast ﬁlm, two peaks
appeared: one related to zero-phonon transition at 591nm and
the phonon replica at 629nm, with decreased line width and
increased intensity of the zero-phonon peak when compared with
neat OC1OC6-PPV ﬁlm. A similar effect is observed for LB ﬁlms
where the intensity of zero-phonon peak increases with addition
of LC, while the electron-vibrational coupling mode (phonon
replica—I1) was suppressed. The relative intensities of the
vibronic structures are directly related to the coupling between
the electronic transitions and vibrational modes, which can be
characterized by the Huang–Rhys factor (SI1/I0). Experimental
studies reveal that the Huang–Rhys factor is correlated with
disorder; that is, the more localized the electronic states the more
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Fig. 1. Surface pressure–area isotherms for pure OC1OC6-PPV and the mixtures of
OC1OC6-PPV and LC spread on water (pH ¼ 5.6) sub-phases, with the area per
molecule being calculated per OC1OC6-PPV monomer.
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pronounced the vibronic progression. The disorder causes the
conjugation length of this kind of polymer to decrease. Therefore,
the LC causes disorder in cast and LB ﬁlms, since S is lower for
OC1OC6-PPV (LC) than for neat OC1OC6-PPV ﬁlms.
The density current vs. voltage measurements, depicted in
Fig. 4 for devices made with LB ﬁlms, reveal a classical behavior of
a polymer light emitting diodes (PLED) [11]. The threshold value is
about 5V, and the onset of visible light occurs at ca. 8V. The
electroluminescence (EL) spectra for the OC1OC6-PPV and
OC1OC6-PPV (LC5%) PLED, at 12V forward bias, are centered at
585nm, similarly to the photoluminescence spectra, which
indicates that the radiative decay of the same singlet exciton is
responsible for both emissions. The EL intensity of OC1OC6-PPV
(LC5%) PLED was 1.6 the value for OC1OC6-PPV PLED at 585nm.
Devices with cast ﬁlms were not produced, for in analogy to the
results for neat OC1OC6-PPV [4] the performance is expected to be
inferior to those with LB ﬁlms.
4. Conclusions
The incorporation of a LC into OC1OC6-PPV LB ﬁlms led to an
enhanced performance in optical properties, as demonstrated in
PLED devices. This enhancement cannot be attributed to an
increased order in the ﬁlms. On the contrary, the LC appears to
induce disorder in the LB ﬁlms, as indicated by the analysis of the
PL proﬁles, while keeping the same anisotropic nature as the
neat OC1OC6-PPV LB ﬁlms. Therefore, the enhanced luminescence
is probably due to a separation of OC1OC6-PPV emitting units in
the LB ﬁlms, which reduces non-radiative energy transfer
processes [7,12].
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Fig. 2. UV–Vis spectra of (A) neat OC1OC6-PPV (U) and OC1OC6-PPV(30%LC) (o) cast ﬁlms and (B) neat OC1OC6-PPV (U) and OC1OC6-PPV(5%C) (o) LB ﬁlms.
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Fig. 3. Photoluminescence spectra of (A) neat OC1OC6-PPV (—) and OC1OC6-PPV (30%LC) (- - - -) (o) cast ﬁlms and (B) neat OC1OC6-PPV (—) and OC1OC6-PPV (5%LC) (- - - -)
LB ﬁlms.
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Fig. 4. (A) Current density vs. voltage curves and (B) electroluminescence spectrum at 10V of applied voltage for ITO/OC1OC6-PPV(LB)/Al (U) and ITO/OC1OC6-PPV/LC5%
(LB)/Al (o) devices.
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